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The discovery of an oil painting in seriously damaged condition with an important historical and a heterodox detail with possible origins in the late fifteenth century has afforded the opportunity for Raman microscopic analysis prior to its restoration being undertaken. The painting depicts a risen Christ following His crucifixion in a 'noli me tangere' pose with three women in an Italian terrace garden with a stone balustrade overlooking a rural landscape and an undoubted view of late-medieval Florence. The picture has suffered much abuse and is in very poor condition, which is possibly attributable to its controversial portrayal of a polydactylic Christ with six toes on His right foot. By the late sixteenth century, after the Council of Trent, this portrayal would almost certainly have been frowned upon by the Church authorities or more controversially as a depiction of the holy. Raman spectroscopic analysis of the pigments places the painting as being consistent chronologically with the Renaissance period following the identification of cinnabar, haematite, red lead, lead white, goethite, verdigris, caput mortuum and azurite with no evidence of more modern synthetic pigments or of modern restoration having been carried out. An interesting pigment mixture found here is that of the organic dye carmine and cinnabar to produce a particular bright red pigment coloration. Stratigraphic examination of the paint fragments has demonstrated the presence
Introduction
Raman spectroscopy applied to the forensic analysis of painted art works has now achieved demonstrable success in the elucidation of the composition of the pigments employed in the composition and on their interactions with the substrates and binders used [1] [2] [3] [4] . Hitherto, the analysis of historiated manuscripts [5, 6] , mediaeval cantoral songbooks [7] , polychrome statuary [8] , wall paintings [9] [10] [11] , frescoes [12] [13] [14] , portrait miniatures [15] and easel paintings [16] has yielded much information about artists' palettes, the preparation and technologies of pigment production and the temporal degradation that has occurred in the exposure of the art to the environment. In the last case, the identification of sites of biological colonization which render the integrity of the art work potentially at risk has been especially useful [17, 18] , and in this respect the early warning of potential ongoing degradation of several of the studies reported in the literature for ongoing conservation projects is noteworthy. Other aspects that have received attention are the characterization of areas of the artwork that have undergone subsequent and possibly unrecorded restoration and the identification of contemporary materials that have been substituted for the originals. A recent example of this [19] has been the analysis of a vandalized fresco painting where extreme temperatures have destroyed the pigments for which no record of the artist's pigment palette existed and the presence of an unsympathetic modern restoration which needs to be removed as part of the conservation process. Also, the combination of Raman spectroscopic and other analytical techniques [20] is of critical importance for the restoration and conservation of the particular artwork; although it is appreciated for works of art that the scientific analytical data should ideally be considered in parallel with existing evidential historical provenancing, this could not be undertaken here as the previous history of the painting is completely unknown but the presence of authenticated variants based on the same topic is well recognized, which could indicate that this painting is an early version.
There is no doubt that the major impetus for the success of Raman spectroscopic techniques in the characterization of artworks is the demonstrated ability to analyse minute quantities of sample non-destructively at a first pass, without mechanical or chemical intervention, so that informed sampling can then be used for subsequent analyses of a more destructive nature. Hence, the combination of molecular/molecular or molecular/elemental analytical techniques such as Raman/gas chromatography-mass spectrometry and Raman/scanning electron microscopyenergy-dispersive X-ray spectroscopy will now give much additional information without the need for multiple sampling being required [21, 22] . Often, the compositional information that is obtained from Raman spectroscopy, in that it provides both the organic and inorganic components of the specimen simultaneously and from a microstratigraphic analytical standpoint, is not apparent from the results of other techniques alone.
This paper describes the application of Raman spectroscopy to the analysis of an oil painting, which is believed could have originated in the Renaissance period; Raman spectroscopic characterization of the pigments can identify components that would either support or perhaps challenge this attribution and should facilitate the correct placement of the artwork in its historical period (table 1) . In this particular case, the painting is in a very bad condition as a result of poor storage and possible abusive treatment; the obvious lack of conservation hitherto has not assisted in the preservation of large areas of the artwork, which displays the presence of a thick, dirty, varnished surface layer and an orange resinous canvas substrate exposed to aerial oxidation as a result of the physical detachment of the superficial pigment and varnish layers. 
Experimental methods (a) The painting
Some 30 specimens of pigment and substrate were taken by scalpel excision from the painting, which is in a very serious condition and in need of much restoration. The large canvas work, which was purchased in Avignon, Provence, France, several years ago and measuring approximately 2 m by 1 m, depicts characters in the apparently illusory Biblical theme of 'noli me tangere' (figure 1a) in which Christ appeared to Mary Magdalene and other Marys in the Garden of Gethsemane following His Resurrection. Perhaps the most critical piece of analytically relevant information, however, is the general state of the painting, which is in a deplorably poor condition. The grimy state of this large canvas probably results from its storage in an attic or loft space, its falling away from its stretcher and the subsequent detachment of paint from the brittle resin substrate from careless handling, the picture at that time being thought not to be significant. However, a major advantage is that there does not seem to have been any restoration work attempted hitherto. The reason for this could be its obviously intentional but unorthodox representation of Christ with six toes on His right foot (figure 1b), which also shows evidence of corporeal crucifixion with the mediaeval and Renaissance accepted piercing through the front of the foot; the portrayal of Christ with such an obvious bodily deformity would have been unacceptable to the Church in mediaeval times and the early Renaissance.
The purpose of this study, therefore, is to examine the pigments obtained from the painting specimens to ascertain if the work could belong to the Renaissance period; the identification of pigments that are synthetic and which do not have a placement in the proper historical period would strongly suggest that the painting was executed at some later date than that envisaged by comparable and associated historical research available especially when subsequent restoration has seemingly not been carried out. This particular application of Raman spectroscopy has been very effective in a high-profile case involving an easel oil painting reported in 2007 [23] .
(b) Raman spectroscopy
Raman spectra were obtained using a Renishaw InVia confocal Raman spectrometer with 785 nm excitation and microscope objective lenses ranging from 20× to 80×, giving a footprint of between 20 and 1 µm at the sample. Each spectrum was recorded using a 10 s accumulation time for 10 accumulations and with a spectral resolution of 2 cm −1 over the 100-1800 cm −1 wavenumber range. Each of the 30 or so samples taken for analysis were examined in several regions to assess sample homogeneity; in the nature of ancient paintings, the pigments were hand produced to the instructions and recipes adopted by individual artists and were frequently of an unspecified and rather indeterminate composition. Often the pigment application was made in several layers. It is important, therefore, that as many particles as possible in the pigment layer(s) could be analysed spectroscopically. Comparison of the experimental wavenumber data with those in the literature and from standards that had been run previously in our laboratory was effected to establish the pigment identification.
Results and discussion
It was clear from the outset that the specimens taken from the painting reflected the visually poor condition of the artwork; all fluoresced strongly, even with the adoption of Fourier transform Raman spectroscopic instrumentation with excitation at 1064 nm in the near infrared (not reported further here), and most contained a significant amount of dirt and dust, which partially obscured several key analyses. The most significant problem was associated with the presence of a surface varnish coating which was evidently highly degraded and which gave rise to extensive background fluorescence emission. In most cases, therefore, the examination of the surfaces of the bulk excised specimens failed to provide satisfactory Raman spectral data, so Raman microspectroscopy at shorter wavelength excitation (although still in the near infrared region of the electromagnetic spectrum) was used to interrogate the specimens and to obtain stratigraphic information.
(a) Raman spectroscopic analysis
The specimens under optical microscopic examination showed an interesting stratigraphy comprising an upper surface layer of dark varnish, which was heavily contaminated with dirt, overlying a pigment layer (containing coloured particulates in a ground matrix), which had been applied upon a thick layer of orange resin on the canvas base. Examples of two of the largest paint flakes, which show this stratigraphy, are shown in figure 2 . The specimens, in this case from blue-and buff-painted areas, clearly demonstrate the presence of this surface dirt, degraded varnish and an inhomogeneous pigment ground composition; additionally, in the buff sample, the presence of the bright orange resin base covering the canvas substrate is seen at the lower left corner of the lower picture in figure 2 , which has been exposed after detachment of the overlying pigment and varnish. Most specimens, however, were significantly smaller and comprised a few grains of powder, which did not exhibit this morphology and stratigraphy. The use of a resin base on the canvas substrate to support the pigment and ground which was then overlaid with pigment and a varnish layer is in itself an interesting procedure; it has already been mentioned that the painting has suffered badly and has lost a significant amount of paint as seen in figure 1a ; the orange resin base overlying the canvas can be clearly seen in the exposed depigmented regions. There is some allegorical evidence that several Renaissance artists, such as Leonardo da Vinci [24] , experimented briefly with a similar procedure of painting upon a resin but little output has survived because detachment of the pigments from the treated substrate resulted in the total loss of the artworks, which were particularly prone to seasonal thermal changes in natural environments. Little information could be gleaned from the macroscopic Raman spectra of the two large specimens shown in figure 2 at their surface because of the extensive fluorescent background emission, but it was possible to derive a Raman spectrum microscopically from the isolated bright Figure 3 . Raman spectra of (a) a blue particle from the specimen shown in figure 2a analysing as azurite and (b) from the white ground analysing as lead white.
blue crystal found in the sample from a blue-painted region, where the exposure of a region devoid of varnish has revealed the pigment and substrate from which a positive identification of the blue pigment as azurite (figure 3a) has been accomplished-the white ground is identified as hydrocerussite, basic lead carbonate, also known as lead white (figure 3b). The consequence for Raman spectroscopy is that several specimens taken exhibited significant background fluorescence emission from the well-distributed varnish and resin particles, which prevented the recording of Raman spectra. However, the selection of samples representative of different regions of interest in the painting and their mounting edge-on in resin blocks has facilitated the acquisition of spectra and an identification of the pigments and associated ground materials in the stratigraphic morphology. An example of this technique and approach is given in figure 4 , which shows a transect of a specimen from a pink flesh-toned area from the face of the female figure at the far right in the picture, which demonstrates, from the top, a thick layer of degraded varnish and a white ground containing red particles overlying the orange resin layer, which itself overlies the canvas support. The Raman spectrum of a red particle was identified as cinnabar (vermilion), mercury (II) sulfide, with observed Raman bands at 249, 283 and 339 cm −1 and a signature at 1049 cm −1 characteristic of the symmetric C-O stretch of carbonate in hydrocerussite, basic lead (II) carbonate.
Two specimens from blue-painted areas from the formalized garden area and gown of the standing female figure in the middle of the painting ( figure 5) show a stratigraphy comprising a thick surface layer of varnish, the white ground layer containing bright blue particles, a thick orange resin layer and the canvas support. The Raman spectrum of the blue particles identified azurite, with an accompanying signature of hydrocerussite at 1050 cm −1 .
A specimen from a green-painted area from the background landscape, in figure 6 , is identified as verdigris, which from the stratigraphic photograph is seen to have been applied using a different procedure because the absence of the lead white ground is now evident; clearly, the artist wished to have a different tonal quality in this region of the painting, but again we note the presence of a sandwich of pigment between the layers of varnish and orange resin.
The red regions of the painting have revealed the use of different pigments and mixtures depending on their location, presumably designed to achieve special tonal qualities in the finished painting. A pink sample shown in figure 7 , taken from the hand of the central kneeling figure representing Mary, demonstrates the presence of cinnabar in a lead white ground. A similar result was obtained from the chest of the Christ figure. By contrast, an orange-red colour from Mary's cape is seen to comprise a rather complex mixture of goethite particles, iron (III) oxyhydroxide, interspersed with cinnabar and red lead, minium, lead (II) lead (IV) tetroxide, as shown in figure 8 . Again, the absence of the lead white ground should be noted. A dark-red-coloured area from Christ's robe is represented by the spectrum in figure 9 , which shows the characteristic bands of cinnabar and two broad features assignable to sp [3] (the D band) and sp [2] hybridized (the G band) carbon from lamp black with bands at 1328 and 1591 cm −1 . The absence of a lead white ground is seen, which correlates with the achievement of the dark-red coloration in this region; the omission of lead white from the stratigraphy could also be attributed to poor preparation of the canvas in this region. The Raman spectra of some larger dark particles in this and other specimens can be observed, showing the same twin features of amorphous carbon. The absence of a phosphate-stretching feature at 960 cm −1 is indicative of the carbon having been sourced from a vegetable plant origin and not from calcined bones or ivory to form the so-called 'bone black', which was also used at this time by certain artists.
There is certainly a preponderance of red in the picture but of varying hues; three more redpigmented areas deserve mention here, as the Raman spectra from the pigments are very different from the compositions mentioned above. A deep-red coloration from regions of Christ's robe is assignable to haematite to which some carbon has been added from the broad D and G bands centred at 1328 and 1591 cm −1 ; it should be noted here that the observation of a band at about 1320 cm −1 alone in the presence of haematite is not attributable uniquely to the D band of carbon as a two-photon scattering band occurs at 1320 cm −1 from the haematite itself. A deep purplered colour, which is rather distinctive and found in specimens from the over-dress of one of the standing figures, analyses as a special crystalline form of haematite known as caput mortuum, which was much prized by the Romans for its vivid purple coloration and light-fastness. Finally, a distinctively different red coloration found in specimens from the folds of Christ's robe and shown in figure 10 demonstrates the presence of different coloured red particles composed of cinnabar associated with an organic dye, carmine, extracted from dried cochineal insects (also known as kermes). This is a most unusual combination to have encountered in a pigment here and its presence must be especially noted. The spectrum shown here in figure 10 is of excellent quality and unusually fluorescence-free, which facilitates its assignment to carmine. The analysis of the orange resin layer on the canvas, which can be seen clearly exposed where the paint has flaked off, proved to be difficult using Raman spectroscopy because of an excessively high fluorescence background, which can be ascribed to degradation. The presence of the resin is an unusual feature but there are statements in the literature that Renaissance artists who were more used to painting on panel and board tried to stiffen canvas using a selection of substrates, including gesso and resins; this would be particularly important for large canvases such as the one under investigation here. An infrared spectrum of the orange resin is shown in figure 11 over the wavenumber range 4000-650 cm −1 and this confirms the presence of several analytical features such as: -a broad band centred at 3291 cm −1 which is characteristic of hydrogen bonded OH groups, as found in glycerols, fats, gums and glues; -aliphatic CH stretching bands at 2917, 2880 and 2850 cm −1 , which implies the absence of aromatic resin components; which can be assigned to CH 2 deformations, C-O stretching and CH-O bending modes of aliphatic skeletal chains and several of these are assignable to beeswax [25] .
It seems reasonable therefore to propose from these data that the orange resin, although degraded, is a mixture of linseed oil and beeswax, which has become darkened with atmospheric exposure. In some larger areas of the painting where the detachment of the resin itself from the canvas substrate has occurred, evidence can be seen of black marks and lines of the under drawing on the canvas itself; this is interesting because it is indicative that the resin was an integral part of the original painting preparation and that it was not used as an aid to the removal of the painting from a deteriorated panel, which apparently was a later conservation practice.
Conclusion
The Raman spectroscopic evidence is consistent with the attribution of the painting under study to the Renaissance period. Several interesting combinations of pigments have been used to provide particular colorations, most notably the use of an organic dye (carmine) and a mineral pigment (cinnabar) occurring together in one region. A rather simple palette comprising goethite, verdigris, cinnabar, haematite, red lead, lead white, carbon and azurite is further complicated by several different application procedures, some involving the use of a lead white ground beneath the pigment layer, but not in all cases. The most notable technique identified, however, has been the treatment of the canvas substrate with an orange-coloured resin, which along with the surface varnish coating provides a sandwich for the pigment layer; it is confirmed that all pigments have been applied as a single coating, sometimes involving a lead white ground but not always so. In contrast with the adoption of simple coloured pigments for the blue, green and yellow regions of the painting the use of a rather more prolific selection for the red regions is also noteworthy; here, the use of cinnabar, haematite, caput mortuum, red lead and the organic dye carmine have all been identified in varying admixtures; only haematite and cinnabar have been found alone in red-pigmented areas. No trace of any synthetic pigment that appeared post-Renaissance has been found in our studies, which, when taken with the obvious lack of restorative procedures, implies strongly that the painting is correctly placed as an artwork executed in the Renaissance period. It now remains to try and attribute this painting to a particular artist. Figure 11 . Infrared spectrum of orange resin fragment.
Artistic epilogue
Aside from the rather unusual technological procedure involving treatment of the canvas with a resin followed by pigments over a white ground applied to it, perhaps the most significant feature of this painting is the polydactyly of the Christ figure. As already mentioned, this constituted a major heresy during the Renaissance and raises the question as to its purpose: actually, the representation of six-toed figures in Renaissance painting has been already noted for several works of Raphael, for example St Joseph in The Marriage of the Virgin, painted in 1504, and now in the Pinacoteca di Brera, Milan, Italy [26] . Not only is St Joseph the only barefooted figure in the painting, but he clearly exhibits a well-formed additional digit in the form of a sixth toe, termed medically a postaxial polydactyly type A. Another example is provided in Raphael's La Belle Jardiniere of 1507/8 in the Louvre Museum, Paris, France, wherein the infant John the Baptist [27] clearly displays a sixth toe on his left foot. Several more examples of this effect claimed to occur in Raphael's paintings must be treated with caution, in particular the controversial polydactyly of the right hand of the Pope in the Sistine Madonna, which is by no means accepted generally. Although postaxial polydactyly is a relatively rare anomaly [28] , it is an autosomal dominant trait and has given rise to the suggestion that the models for Raphael's St Joseph and infant John the Baptist were relatives and were possibly father and son. There is also a suggestion that there was a more hidden occult symbolism at work here in that the sixth digit conferred the possession of a mystic sixth sense akin to that awakened by initiation into divine mysteries [29] and was even considered by some as the mark of a particularly holy person.
Further research on the origins of this painting has revealed the existence of several reproductions and variants on this theme made during the sixteenth and seventeenth centuries, namely those of: Although too numerous to reproduce here individually, these variants and copies have several commonalities with the oil painting studied in this work and all represent accurately the portrayal of the City of Jerusalem as the city of Florence, as seen from the Basilica of San Miniato above Florence as it was in the sixteenth century. There are also many significant differences, such as the number of angels sitting at the entrance to the tomb and the form of the halo of Christ, which nevertheless seem to indicate that they were taken from a common source painting, which quite possibly could be the one under investigation here. For example, the painting by Maarten de Vos on a similar theme in 1582, cited as number 2 in the above list, contains several features that are different from the painting under study here: the absence of polydactyly on the right foot of the Christ figure, the simple halo of Christ has now been replaced with a radiant star and is accompanied by a bizarre red hat, the unusual balustrade and ornamental pedimented gateway still appear but the curious ovoid object in the painting here is replaced by another urn in the same position, two angels appear in the tomb compared with the single one here and Christ's robe is now a brilliant blue colour with a gold edging instead of red. If this idea of our subject painting being an original work can be substantiated by further historical research then it means that, in accord with the spectroscopic analyses described here, the painting must truly predate the earliest of the prints and variants outlined above, dating it firmly to the early sixteenth century, and would hence clearly support its Renaissance attribution, especially because no novel pigments were present which could have been used as replacements or alternatives in the eighteenth century for the more established older pigments found here.
